Abstract
Shell-and-coil heat exchangers are used in refrigerators, HVAC application, chemical plants, solar energy systems, nuclear engineering and food industries. They offer several advantages such as compactness, easy maintenance, improved thermal efficiency, high operating pressure and extreme temperature gradients. A literature survey on the subject produced no fully relevant citations. Heat transfer inside the coiled tube have been investigated by many researchers experimentally and numerically [1] . Though much investigation has been performed on heat transfer coefficients inside coiled tubes, little work has been reported on the outside heat transfer coefficients. Ali [2] studied natural convection heat transfer from helical coil. He obtained average outside heat transfer coefficients for turbulent heat transfer from vertical helical coils submersed in water. In these experiments water was pumped through the coil. Five different pitch-to-helical diameter ratios were used, along with two tube diameters and with different numbers of turns. The outside Nusselt number was evaluated using the length of the tube, L, as the characteristic length. Ali [2] stated that from the observations, h o decreases slightly with boundary layer length for an outside diameter of 0.012m while it increases rapidly with the boundary layer length for a diameter of 0.008m. Ali [2] also suggested that increasing the tube diameter for the same Rayleigh number and tube length will enhance the outer heat transfer coefficients. Xin and Ebadian [1] used three different helicoidal pipes to determine the outside heat transfer coefficients for natural convection. The coils were oriented both vertically and horizontally. The tube wall was heated by passing a high DC current through the tube wall, resulting in a constant heat flux boundary condition. The relationship of the Nusselt number, as a function of the Rayleigh number, was based on the outer diameter of the tube. For the case of a horizontal coil, local Nusselt numbers were higher on the top and the bottom of the coil than on the sides. The correlations of Xin and Ebadian [1] showed that the average heat transfer coefficient of the vertical coil was about 10% higher than for the horizontal coil in the laminar flow regime. Ali [3] performed experiments to measure the average Nusselt number, for a coil with a constant heat flux. The correlation between the Nusselt number and the Rayleigh number was based on the outer tube diameter as the characteristic length. It was found that the Nusselt number decreased with increasing Rayleigh number. Ajele [4] studied shell and coil natural convection heat exchangers experimentally. Combinations of up to four coils, as well as, single coils were tested . For single coils, Ajele divided the data between two regions based on the dimensionless flow space and obtained two equations for the Nusselt number based on the hydraulic diameter of the heat exchanger. Taherian [5] investigated convection heat transfer from single enclosed helical coils in a vertical orientation in the case of natural circulation in shell-side. Coils had different diameter, pitch and tube diameters. It was concluded that tube diameter has a little effect on shell-side heat transfer coefficient. Also it was deduced that,the medium dimensionless coil pitch, 1. 2 , is the optimum value. Also Taherian and Allen [6] obtained equation for the effectiveness as a function of shell side to coil side mass flow rate ratio and total length of tube to height of coil ratio.
8<p<1.80
Numerical computation

Numerical method
A numerical investigation of the forced convection heat transfer from vertical helical coiled tubes for various Reynolds number (Re), various coil-to-tube radius ratio, and non-dimensional coil pitch, the coil pitch-tube diameter ratio, was studied with CFD analysis software. The segregated method has been used to solve the governing equations. Also second-order scheme has been used for pressure interpolation. SIMPLEC algorithm has been used for pressure-velocity coupling. Second-order upwind scheme has also been applied for solving momentum and energy equations.
Governing equations
The equation for steady state conservation of mass, or continuity equation, can be written as follows:
The momentum conservation equation is described by:
The conservation of energy is described by:
Coils having different tube diameter and pitch were placed inside a annular space of two coaxial shells. Coil pitches of 1.5 to 2 tube diameter were studied. The shell side mass flow rates of water were 0.03, 0.04, 0.05 and 0.09 kg/s. The coil side mass flow rate of water was 0.03 kg/s. The material of the coil tube is cooper. The physical dimensions of heat exchanger are shown in Figure1.
Fig.1 . geometry and dimensions of helical_coiled tube heat exchanger investigation
In this numerical solution, 7geometries were considered and 4 different boundary conditions for each geometry were studied. Table1. contains the specifications of 8 coils. 
Results and discussion
The heat transfer coefficient, h, is an indicator of how well heat can be transferred to or from a flow stream. Therefore it is desirable to understand which parameter affect it and in which manner. The following paragraphs will address this matter.
Effect of coil pitch on the shell side heat transfer coefficient
Another parameter of interest is the coil pitch. In Figures 2-3 , the average heat transfer coefficient as a function of mass velocity of shell side of heat exchanger for each tube diameter, at different pitches are illustrated. As it is shown, with increasing dimensionless coil pitch from 1.5-1.8, the heat transfer coefficient decreases while with increasing pitch to 2, heat transfer coefficient is increased. In Fig.4 ., h 0 from all the coils are plotted against heat transfer per unit coil surface area, q'', thus eliminating the effect of area on the heat transfer coefficient. As it can be seen, the coil pitch parameter, do not have significant effect on heat transfer coefficient at fix quantity of heat flux. Dt=12.5mm
Dt=9.52mm
Figure5. Effect of tube diameter
Effect of coil pitch on rise in temperature of the shell side fluid
In Figures 6 and 7 , the rise in temperature of target fluid as a function of shell side mass velocity, has been shown in different coil pitches. The ∆T decreases slightly by increasing the coil pitch. As it was illustrated, the coils with pitches of 2, have greater quantity of h 0 , but have less surface area compared to that of coils which have coil pitches in medium range. Therefore the ∆T of these coils is not greater than other ones. 
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Figure8. Effect of tube diameter
Nusselt-Reynolds diagram
Although graphs of h 0 are valuable, analyzing the data in non-dimensional form is also of great importance. Heat transfer parameters, when presented in form of a dimensionless quantity, offer a broader and generalized picture. Dimensionless analysis of forced convection heat transfer involves some form of Nusselt and Reynolds number, fine tuned for that specific problem. Both of the main dimensionless numbers of forced convection, are defined, based on a specific characteristic length. The characteristic length, must be a good representative of the geometry of the flow. Different characteristic lengths were used in the Nusselt number calculations to determine which dimension best fits the data. The characteristic lengths used were hydraulic diameter of heat exchanger, the diameter of the tube, the diameter of the coil, the height of the coil (including space between coil turns), and as a normalized length, respectively.
The normalized length was calculated by assuming the coil as a cylinder. The normalized length was the outer surface area of this cylinder divided by the total tube length [7] .
In Figures 9-12 , the plots of Nu vs. Re based on the above-mentioned characteristic length, have been illustrated. Heat exchanger hydraulic diameter, , as proposed by Kays and London [8] is the characteristic length in Figure 9 .
hx D In Figures 9-11 , it can be seen that data do not correlate well through these cases. The plot of Nu vs. Reynolds based on tube diameter, is presented in Figure14. As can be seen, tube diameter is a satisfactory characteristic length. 
effectiveness
Heat Exchanger heat transfer effectiveness is:
Which is the ratio of the actual heat transfer rate in a heat exchanger to the thermodynamically limited maximum possible heat transfer rate if an infinite heat transfer surface area were available in a counterflow heat exchanger.
In this section, the effect of different parameter on performance coefficient of heat exchanger is investigated.
Effect of coil pitch on effectiveness coefficient
In Fig. 13 and 14, the thermal effectiveness for two coil tube diameter and four different dimensionless coil pitches, p, have been illustrated. It can be seen c that the thermal effectiveness decreases by the increment of coil pitch and increases by the raise of shell-side mass velocity. 
Effect of tube diameter on effectiveness coefficient
In Fig. 15 .the effectiveness of heat exchanger is plotted as a function of shell side mass velocity. In this figure, all coils have the same surface area of approximately 0.25 m2, but different tube diameters as indicated in the figure. Tube diameter has little effect on effectiveness. 
E ffectiveness
Fig.15. Effect of tube diameter
Effectiveness-NTU relation
NTU is the number of heat transfer unit as described by:
Where is the smaller of the two magnitudes of hot and cold heat capacity rate and the overall heat transfer coefficient, , is related to the thermal resistance between the two streams of fluid as described by: In order to establish the effectiveness-NTU relations for the shell-and-coïl heat exchangers, the data were plotted together with the plots for some standard configurations in Figure 3 . 
Conclusions
Forced convection heat transfer from vertical helical coils to water was investigated. It was concluded that coil pitch has significant effect on shell-side heat transfer coefficient, as with increasing dimensionless coil pitch in medium range, the heat transfer coefficient decreases while with increasing pitch to 2 tube diameter, heat transfer coefficient is increased. Also it was concluded that heat transfer coefficient decreases by increasing the tube diameter and coil pitch and tube diameter have no great effect on the rise in the target fluid temperature. Different characteristic lengths were used and it was deduced that tube diameter was the best choice for the characteristic length in this study. It has been concluded that the heat exchanger thermal effectiveness decreases by the increment of coil pitch and increases by the raise of shell-side mass velocity. Also, it has been deduced that tube diameter has little effect on thermal effectiveness of helical coiled tube heat exchanger. In conclusion, it is suggested to use the ε-NTU relations of the shell-tube heat exchanger to predict the effectiveness of the forced convection shell-and coil heat exchangers. 
Nomenclatures
